Cytokines and metabolic pathway-controlling enzymes regulate immune responses and have potential as powerful tools to mediate immune tolerance. Blockade of the interaction between CD40 and CD40L induces long-term cardiac allograft survival in rats through a CD8 + CD45RC lo Treg potentiation. Here, we have shown that the cytokine IL-34, the immunoregulatory properties of which have not been previously studied in transplantation or T cell biology, is expressed by rodent CD8 + CD45RC lo Tregs and human FOXP3 + CD45RC lo CD8 + and CD4 + Tregs. IL-34 was involved in the suppressive function of both CD8 + and CD4 + Tregs and markedly inhibited alloreactive immune responses. Additionally, in a rat cardiac allograft model, IL-34 potently induced transplant tolerance that was associated with a total inhibition of alloantibody production. Treatment of rats with IL-34 promoted allograft tolerance that was mediated by induction of CD8 + and CD4 + Tregs. Moreover, these Tregs were capable of serial tolerance induction through modulation of macrophages that migrate early to the graft. Finally, we demonstrated that human macrophages cultured in the presence of IL-34 greatly expanded CD8 + and CD4 + FOXP3 + Tregs, with a superior suppressive potential of antidonor immune responses compared with non-IL-34-expanded Tregs. In conclusion, we reveal that IL-34 serves as a suppressive Treg-specific cytokine and as a tolerogenic cytokine that efficiently inhibits alloreactive immune responses and mediates transplant tolerance.
Introduction
Organ transplantation has undergone substantial improvements in both the prevention and treatment of acute rejection, but subclinical episodes and chronic graft dysfunction still heavily impact medium-and long-term graft survival (1) . Emerging therapeutic strategies, among them induction of tolerance to donor antigens, are moving to the clinical stage after years of experimental model work (2, 3) . Among natural mechanisms and tolerance-inductive strategies, the use of different types of regulatory cells are among the most promising ones (4) . The uses of CD8 + Tregs have been highlighted in recent years by our group and others in the transplantation field, but also in other pathological situations (5) (6) (7) (8) . Cytokines, enzymes controlling metabolic pathways, and cell surface molecules capable of inducing tolerance have also been described as new mediators of immune tolerance.
IL-34 was identified in 2008 (9) . Studies showed that IL-34 shares homology with M-CSF and that they act through a common receptor, CD115, also called CSF-1R (9) , expressed on the cell surface of monocytes, and in the brain through a newly described receptor, receptor-type protein-tyrosine phosphatase ζ (PTP-ζ) (10) . However, studies have demonstrated that IL-34 and M-CSF display distinct biological activity and signal activation (11) , in part due to their differing spatial and temporal expression (12) . Up to now, IL-34 function has been mainly linked with the survival and function of monocytes and macrophages (osteoclasts, microglia), as well as with DCs (12) . IL-34 protein expression in resting cells has been observed in keratinocytes, hair follicles, neurons, proximal renal tubule cells, and seminiferous tubule germ cells (12) and also in heart, brain, lung, liver, kidney, spleen, thymus, testicles, ovaries, prostate, colon, small intestine, spleen red pulp, and osteoclasts (9) . Upon inflammation, other cells, such as fibroblasts and articular synovial cells, upregulate IL-34 expression (13, 14) . So far, expression of IL-34 by other lymphoid cells, and particularly by T cells, has not been described or demonstrated. Similarly, IL-34 has not been linked to the effects of DCs or T cells on immune function (12) . Finally, there is no description to date of a role for IL-34 in transplant tolerance.
CD45RC has been shown in rats, mice, and humans to be a marker of both CD4 + and CD8 + Tregs (15) (16) (17) (18) (19) (20) . In a rat cardiac allograft model, we have previously shown that blockade of CD40-CD40L interaction by CD40Ig treatment induces longterm allograft survival through the generation of CD8 lo Tregs, which do not inhibit cardiac allograft rejection (18) . We have shown that these CD8 + CD40Ig Tregs impose allogeneic tolerance partially through production of IFN-γ and fibrinogen-like protein 2 (FGL2) (18, 21, 22) and recognition of a dominant MHC II-derived donor peptide presented by recipient MHC I (23 (21) . In addition, we have demonstrated the involvement of IFN-γ and FGL2 in this process; however, some suppression remains after blockade of the IFN-γ and FGL2 inhibitory effect (18, 21, 22) . To address whether IL-34 is involved in CD8 + CD40Ig Treg suppression, we tested a neutralizing anti-IL-34 Ab in the suppressive mixed lymphocyte reaction (MLR) assay ( Figure 1C and Supplemental Figure 2A) lo Tregs (Supplemental Figure 3A) , and that IL-34 and M-CSF use the same receptor in the macrophage lineage cells and DCs (24, 25) , we investigated the possibility that M-CSF could play a role in the suppression of effector CD4 +
CD25
-T cell proliferation. First, we tested the suppressive potential of M-CSF in the MLR assay described above. Interestingly, we observed that M-CSF efficiently suppressed, in a dose-dependent manner, up to 93.5% of CD4 +
-T cell proliferation (Supplemental Figure 3B) , suggesting that M-CSFmediated suppression, like that for IL-34, acts through pDCs expressing the CD115 receptor (26, 27) . However, the addition of a blocking anti-M-CSF Ab or of an isotype control Ab in coculture suppressive assays in the presence of CD8 + Tregs did not restore CD4 +
-T cell proliferation, demonstrating that M-CSF is not involved in CD8 + CD40Ig Treg-mediated suppression ( Figure 1D ). We next tested the involvement of CD115, until now the only receptor for IL-34 described outside the CNS (24, 25) , which is only expressed by monocytes and macrophages, conventional DCs (cDCs), and pDCs, and not by CD4 + T cells (26, 27) . We used an anti-CD115-blocking Ab that has been previously shown to inhibit M-CSF action in both rats and mice (28) . We demonstrated that blocking CD115 significantly, although not completely, abrogated, in a dose-dependent manner, CD8 + Treg-mediated suppression of CD4 + T cell proliferation in the presence of pDCs, in contrast to isotype control Ab ( Figure 1E ).
In conclusion, we have demonstrated the involvement of IL-34-CD115 interaction, but not M-CSF-CD115 interaction, in the suppressive effect of CD8 + CD40Ig Tregs on effector CD4 lo Tregs (P < 0.05, Figure 1A ). Analysis of mRNA from whole organs showed that Il34 mRNA was expressed constitutively in spleen and heart of naive animals, as observed by Lin et al. (ref. 24,  Figure 1B , and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI81227DS1) and was significantly decreased during acute allograft rejection on day 5 in the grafts of nontreated recipients (NT D5, Figure 1B ). In correlation with our previous observations that CD8 + CD40Ig Tregs accumulate in the graft during the first week (21) , Il34 mRNA expression levels were significantly greater on day 5 in AdCD40Ig-treated grafts compared with levels in naive and nontreated recipients ( Figure 1B ) and had returned to normal by day 120 after transplantation.
Altogether 
-CFSE-labeled effector T cells were cultured in the presence of T cell-depleted allogeneic peripheral blood mononuclear cells (PBMCs) as antigen-presenting cells (APCs) ( Figure 2D and Supplemental Figure 2B ). We observed T cells by multicolor flow cytometry (Figure 2A) lo Tregs from spleen of naive or 120-day-old AdCD40Ig-treated recipients (n = 6) were analyzed for Il34 mRNA expression by qPCR. Mann-Whitney U test, **P < 0.01. (B) Il34 mRNA expression levels in cardiac grafts from AdCD40Ig-treated recipients on days 5 (n = 3) and 120 (n = 7) after transplantation were compared with those in grafts from nontreated (NT) recipients on days 5 (n = 8), 7 (n = 8) and 120 (n = 6) and with levels in native hearts from naive animals (n = 7). Mann-Whitney U test, *P < 0.05, **P < 0.01, ***P < 0.001. Altogether, these data prove the relevance of our findings and provide proof of concept that IL-34 is a Treg-specific protein and a potential therapeutic target for manipulating the antidonor immune response.
Generation of an adeno-associated viral vector for sustained expression of IL- 34 . We sought to demonstrate the in vivo suppressive activity of IL-34 and further understand IL-34 mechanisms. 
-effector T cell proliferation in the presence of allogeneic T cell-depleted PBMCs was inhibited by Tregs ( Figure  2E ). We observed that blocking IL-34 significantly reverted Treg- on day 15 after injection. We observed an increase in IL-34 protein in the sera of AAV-IL-34-treated rats compared with that in AAV-GFP-treated rats on day 15 ( Figure 3B ), demonstrating the efficient expression of IL-34 in vivo, in accordance with the expression of genes vectorized by AAVs that we have previously analyzed (30) . We then tested the suppressive potential of AAV-IL-34-transduced HEK293 T cell culture supernatants ( Figure 3C ) and sera from AAV-IL-34-treated rats ( Figure 3D ), both of which contain high amounts of IL-34 protein ( Figure 3B and data not shown). We observed that both supernatants from AAV-IL-34-transduced cells and sera from AAV-IL-34-treated rats significantly inhibited, in a dose-dependent manner, the proliferative response of CD4 + effector T cells stimulated by allogeneic pDCs, whereas supernatants from AAV-GFP-transduced cells and sera from AAV-GFP-treated rats did not ( Figure 3 , C and D and data not shown).
Altogether, these results demonstrate the functionality of the vector and the suppressive ex vivo efficacy of IL-34 in inhibiting rat effector T cell proliferation, as we have shown in humans ( Figure 2D ).
Therapeutic effect of IL-34 on allograft tolerance induction. To further determine the suppressive potential of IL-34 in vivo as a therapeutic strategy, we treated recipients with either AAV-IL-34 (1 × 10 12 vg/rat) or a control noncoding AAV, delivered i.v. 1 month before transplantation to obtain optimal transgene expression through the kinetics of AAV vector expression (22, 31) . Such treatment with IL-34 alone resulted in a significant prolongation of allograft survival (mean survival time 32.6 ± 7.8 days) compared with controls injected with noncoding AAV (10.4 ± 1.4 days) or untreated recipients (7.8 ± 0.6 days) ( Figure 4A ). To improve allograft survival, recipients were then treated with a suboptimal dose of rapamycin (0.4 mg/kg/day for 10 days) in addition to the AAV vector. Ten days of rapamycin treatment alone did not significantly extend allograft survival (Figure 4A) . In contrast, we observed an indefinite allograft survival in 64% of the recipients given the combined therapy of AAV-IL-34 and rapamycin (n = 13, Figure 4A ). Analysis of grafts from longsurviving recipients for signs of chronic rejection revealed a complete absence of vascular lesions, i.e., normal vessel structure and absence of leukocyte infiltration into the myocardium in all recipients analyzed ( Figure 4B ). In addition, analysis of the antidonor Ab presence in the sera from long-surviving recipients revealed a Since recombinant IL-34 rat cytokine is not commercially available and difficult to produce for in vivo experiments, we generated a recombinant adeno-associated viral (AAV) vector encoding rat IL-34, as we have done for other molecules in primates (30) and rats (22, 31) . In this vector, the rat Il34 cDNA was fused with a C-terminal Myc tag, and both the plasmid (pIL-34) and AAV were used to respectively transfect or transduce cells of the HEK293 T cell line ( Figure 3A and Supplemental Figure 5 ). IL-34 expression was analyzed by flow cytometry for the Myc tag. Myc staining was not detectable on pGFP-transfected or AAV-GFP-transduced HEK293 T cells, nor on pIL-34-transfected or AAV-IL-34-transduced HEK293 T cells stained with isotypic control Ab ( Figure 3A and Supplemental Figure 5 ). However, HEK293 T cells transfected with pIL-34 or transduced with AAV-IL-34 displayed strong, dose-dependent expression levels of IL-34 ( Figure 3A and Supplemental Figure 5 ), demonstrating the functionality of the vector.
We next assessed IL-34 production in vivo by ELISA. First, rats were injected i.v. with 1 × 10 12 vg/rat of AAV, and sera were collected complete inhibition of total IgG, IgG1, IgG2a, and IgG2b antidonor Ab production in contrast to the sera from recipients treated with the noncoding AAV ( Figure 4C ). Altogether, we were able to demonstrate that treatment with IL-34, in combination with a suboptimal dose of rapamycin, is a valuable therapeutic strategy for tolerance induction and results in abrogation of all allogeneic immune responses.
Induction of Tregs capable of infectious tolerance following IL-34 treatment.
As demonstrated above, IL-34 is produced specifically by CD8 + CD40Ig Tregs, but we also wanted to assess whether regulatory cells were induced in the context of IL-34 treatment and involved in the long-term allograft survival generated by the AAV-IL-34 and rapamycin combination. To do so, we performed adoptive cell-transfer experiments, putting splenocytes of long-surviving recipients into naive grafted, sublethally irradiated recipients, as we have done previously (18) . First, adoptive transfer of 1.5 × 10 8 splenocytes into secondary naive grafted, irradiated recipients resulted in significant prolongation of allograft survival in 60% of the recipients ( Figure 5A ), demonstrating that IL-34 efficiently induces regulatory cells. We investigated the anatomopathological status of the graft of first adoptively transferred long-term splenocyte recipients and observed a complete absence of vascular lesions and obstructions (i.e., no signs of chronic rejection) (data not shown). We then determined that this prolongation of allograft survival can be serially transferred at least 3 times into naive grafted, irradiated recipients ( Figure 5A, second and third transfers) .
We investigated the regulatory cell population allowing serial adoptive tolerance transfer, including that of macrophages (32) . To do so, we purified subpopulations of the different main cell subsets (B cells, T cells, and macrophages) from tolerant recipients treated with IL-34 (Supplemental Figure 2C ) and performed adoptive cell transfer into naive grafted, irradiated recipients ( Figure 5B) . Surprisingly, we observed that tolerance transfer was achieved only with T cell transfer, demonstrating for the first time to our knowledge that Tregs are induced following IL-34 treatment. Although macrophages did not transfer tolerance, IL-34 may induce Tregs through macrophages (see below). To further determine which Treg population (i.e. CD4 + CD25 hi or CD8 + CD45RC lo T cells) could confer tolerance to newly grafted recipients, we sorted CD4 + CD25 hi and CD8 + CD45RC lo Tregs and performed adoptive cell transfer ( Figure 5B ). We observed that adoptive transfers of both CD4 + CD25 hi and CD8 + CD45RC lo Tregs resulted in long-term allograft survival in 50% of recipients, suggesting that both populations of Tregs had been equally potentiated by the IL-34-modified macrophages.
Altogether, these in vivo results demonstrate that efficient Tregs are generated following IL-34 treatment in the context of reduced inflammation and transplantation and that those Tregs can induce serial tolerance in a dominant fashion.
Treg induction is mediated by IL-34-modified macrophages infiltrating the graft. We further characterized the effect of IL-34 on macrophages in the context of induction of tolerance to an allograft. We first sorted macrophages from spleen, blood, and graft of AAV-IL-34-treated recipients on day 15 following transplantation (i.e., day 45 after AAV injection) and macrophages from naive rats and analyzed by qPCR a number of genes described in the literature (refs. 33, 34, and Figure 6 ). Interestingly, we observed that, compared with naive macrophages, macrophages in the graft from 12 vg/ rat AAV-IL-34 or noncoding AAV or no treatment were grafted 30 days later with no additional treatment or in combination with a suboptimal dose of rapamycin (10 days, starting on day 0). Graft survival was evaluated by palpation through the abdominal wall. Log-rank test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (B) Representative image of the anatomopathological analysis of graft from AAV-IL-34 plus rapamycin-treated, day-120 long-term surviving recipients. Original magnification, ×100. (C) IgG alloantibody production was evaluated in naive and treated long-term recipients more than 120 days after transplantation. Graph represents MFI ± SEM. Two-way ANOVA with Bonferroni's post test, *P < 0.05, ***P < 0.001, ****P < 0.0001 for noncoding AAV-IL-34 versus noncoding AAV. jci.org Volume 125 Number 10 October 2015
AAV-IL-34-treated recipients strongly upregulated arginase 1 and inducible NO synthase (Inos), both of which are implicated in the metabolism of essential amino acids and described as common mechanisms of immunoregulation of suppressive macrophages by limiting the proliferation of T lymphocytes (35, 36) . We also observed increased expression of Cd14 and decreased expression of Cd23, Cd86, and Il10, mostly in the graft but also in the spleen and the blood of AAV-IL-34-treated macrophages, compared with naive macrophages. Finally, we observed no significant differences in Cd16, Cd32, Il1, Tgfb, or Tnfa expression. It is also interesting to note that there were significant differences between macrophages located in the blood versus those in the graft (Arg1, P = 0.0243; Cd14, P = 0.0357; Cd23, P = 0.0303; Il10, P = 0.0470), suggesting that IL-34-modified regulatory macrophages migrate and locate in the graft quickly after transplantation. To prove that IL-34-modified macrophages play a role in tolerance induction, macrophages were depleted using clodronate-loaded liposomes, from day -25 before transplantation to day 3 after transplantation, and treated simultaneously with IL-34 or noncoding AAV plus a suboptimal dose of rapamycin over a period of 10 days. As a result, AAV-IL-34 injected 30 days before transplantation could not act through macrophages that were depleted at that same time. Significantly, by the time the liposome depletion started, most of the AAV serotype 8 had been integrated into the hepatocytes. We observed that recipients treated with clodronate-loaded liposomes rejected their graft more quickly after transplantation than did the control group animals, demonstrating that macrophages are essential in tolerance induction by IL-34 ( Figure 7) .
IL-34-differentiated macrophages efficiently induce and potentiate human CD4
+ and CD8 + FOXP3 + Tregs. Given that we have demonstrated a modified macrophage phenotype following IL-34 administration to rats and induction of potentiated Tregs able to adoptively transfer tolerance to grafted recipients, we wondered whether these results could be reproduced ex vivo in humans. To investigate this, CD14 + monocytes from healthy volunteers were cell sorted and differentiated in the presence of IL-34 for 6 days, and the phenotype was analyzed (Supplemental Figure 6) . We observed that IL-34-differentiated macrophages expressed higher levels of CD163, CD14, HLA-DR, CD86, and CD80 than did fresh monocytes. The differentiated macrophages were then added to allogeneic PBMCs for 15 days, then the proportion, number, and suppressive capacity of Tregs were analyzed (Figure 8) lo Tregs ( Figure 8D and Supplemental Figure 2D ). Altogether, these results demonstrate that IL-34-differentiated monocytes have the capacity to selectively expand and to not only maintain, but potentiate, the suppressive capacity of FOXP3 + Tregs.
Discussion
The biological importance of IL-34 remains, to date, largely unknown and debatable. The current understanding of the role of IL-34 was mostly driven by the study of pathological situations in which IL-34 was found to exert inflammatory effects, as M-CSF does. Studies have shown that M-CSF administration increases inflammation in a model of collagen-induced rheumatoid arthritis (37) and that IL-34 correlates with the severity of synovitis (13) and can be induced by TNF-α, as M-CSF can (38) . Furthermore, both IL-34 and M-CSF induce proinflammatory cytokines such as IL-6, IP-10/CXCL10, IL-8/CXCL8, and MCP1/CCL2 (39). In contrast, it has also been shown that M-CSF and, more recently, IL-34, alone or in combination with other cytokines, can induce regulatory macrophages (32, (40) (41) (42) (43) . In transplantation, it has been demonstrated that pretreatment of mice with M-CSF expands macrophages and inhibits graft-versus-host disease (GVHD) (44). Tregs and that M-CSF significantly inhibited antidonor immune responses ex vivo (P = 0.0159 and P < 0.05, respectively), there was no involvement of M-CSF in this model, demonstrating that this property is specific to IL-34. This might be due to a lesser amount of M-CSF being secreted compared with IL-34 and to a lower suppressive capacity of M-CSF (250 ng/ml of rat M-CSF required for 75% suppression versus 24 pg/ml of rat IL-34). Accumulating evidence suggest that IL-34 and M-CSF exhibit specific and nonredundant properties. This is supported by structural analysis comparisons showing that IL-34 and M-CSF bind differently to CD115 (11, 25) . The recent identification of a second distinct receptor for IL-34 reinforces this interpretation (10) . Very recently, IL-34-deficient mice have been generated that exhibit an absence of certain cell subsets such as Langerhans cells and microglia (12) , effects that have not been observed in M-CSF-KO mice. This demonstrates not only a different temporal and spatial expression role, but also different functional effects with IL-34 compared with M-CSF.
In order to emphasize the significance of our findings, we analyzed IL-34 expression by human FOXP3 + CD45RC lo CD4
+ In addition, a combination of M-CSF and IFN-γ differentiates monocytes into regulatory macrophages capable of prolonging heart allograft survival in an iNOS-dependent manner (36) . These studies highlight the paradoxical role of both M-CSF and IL-34. In our study, in an attempt to unravel the complex mechanisms of tolerance induction in transplantation, we provide evidence, for the first time to our knowledge, of the unexpected properties of IL-34 as a master regulator of immune responses and tolerance.
We also provide what we believe to be the first proof that IL-34 can be expressed by rat CD8 lo Tregs recombined a biased restricted Vβ11 repertoire to recognize a dominant MCH class II-derived peptide and that this peptide induces Tregs and induces tolerance (23) . In the present study, we show that IL-34 is expressed at high levels by tolerated grafts from AdCD40Ig-treated recipients, and importantly, also by splenic CD8 + CD45RC
lo Tregs from the same recipients. Furthermore, CD8 + CD45RC
lo Treg-mediated suppres- Other studies revealed a decrease in pDCs and cDCs in CD115-deficient osteopetrotic mice (27) and an M-CSF-induced increase in DC numbers (26) . Surprisingly, in our study, in contrast with other studies, an in vivo IL-34 tolerogenic effect following administration was mainly transferred by Tregs (either CD4 + CD25 hi or CD8 + CD45RC lo Tregs). We demonstrated that the tolerance achieved in AAV-IL-34-treated recipients can be transferred to newly grafted, irradiated recipients for at least 3 generations and that this effect is mediated by Tregs but, despite an increase in the CD11b + cell population (data not shown), not by splenic macrophages. However, since T cells do not express the CD115 receptor, we hypothesized and demonstrated that IL-34 mediated its effect on Tregs through macrophages. Regulatory macrophages can anergize CD4 effector T cells (48) , convert T cells into Tregs (49) , and inhibit other APCs (50) . We demonstrate that IL-34-induced regulatory macrophages migrate early to the graft and express high levels of arginase 1 and iNOS, suggesting that immunoregulatory mechanisms limit the proliferation and survival of effector T lymphocytes (35, 36) . These results highlight the functional differences between IL-34 and M-CSF and add to the debate on this topic, as several studies have shown a proinflammatory role of M-CSF, which increases macrophage proliferation and accumulation in rejected renal allografts (51) .
To provide the proof of concept that a similar mechanism exists in humans, we differentiated monocytes in the presence of IL-34. We were able to demonstrate that IL-34-differentiated macrophages that are added to total allogeneic PBMCs efficiently expand and potentiate the ability of FOXP3 + Tregs to inhibit antidonor immune responses. It should be noted that both IL-34 and FOXP3 coexpression in Tregs remained stable. Altogether, these data suggest a retroactive loop of IL-34-secreting Tregs that are able to induce regulatory macrophages that in turn induce new IL-34-secreting Tregs.
In conclusion, we describe here the role of a new cytokine, IL-34, in transplant tolerance, and we reveal its potential as a therapy in transplantation and, by extension, in other diseases. We also demonstrate for the first time to our knowledge that this cytokine can be produced by Tregs and that, in turn, administration of IL-34 results in the potent induction of Tregs capable of tolerance induction in a dominant manner, opening new possibilities for the generation of Tregs that could be transferable to the human setting. In addition, we also demonstrated the ex vivo-suppressive potential of IL-34 alone on the antidonor immune response, suggesting its potential as a target therapeutic in transplantation and, by extension, in autoimmune diseases. However, we observed that 5 μg/ml human IL-34 was needed to significantly suppress in vitro human antidonor immune responses, while it is known that IL-10 and TGF-β act in the ng/ml range to suppress effector T cell responses, suggesting that either the conditions we used to test the suppressive capacity of IL-34 were not optimal or that IL-34 is less potent at inhibiting antidonor immune responses than IL-10 or TGF-β. Interestingly, we managed to demonstrate that blocking IL-34 in a suppressive assay with CD4 + CD25 hi CD127 lo or CD8 + CD45RC lo Tregs restored effector T cell proliferation, confirming the important contribution of IL-34 to human Treg-mediated activity. The concentration of the anti-IL-34 Ab was in a relatively high range, but we cannot exclude that the affinity of this Ab is not optimal, and the adequate isotype-and species-negative control validates this observation. The generation of IL-34-deficient rats using engineered nucleases as previously done in our laboratory (45, 46) is under way and will help to further address the key role of IL-34 in Treg function. Similarly, the generation of FOXP3-GFP rats will help to define whether FOXP3 + Tregs are the only Tregs that express IL-34 and to further explore the role of IL-34 in Treg biology. The therapeutic value of this molecule is evidenced by the generation of an AAV encoding IL-34. With this vector, we were able to show the potent immunosuppressive properties of IL-34 in vitro and, more important, in vivo, where we obtained tolerance in 64% of the recipients when IL-34 was combined with a suboptimal dose of rapamycin. We also demonstrated that such therapy results in abrogation of all allogeneic immune responses and of tolerance induction. Previous studies have demonstrated that both M-CSF and IL-34 can differentiate monocytes into regulatory macrophages (32, 36) and that the regulatory macrophages induced in vitro by M-CSF and IFN-γ can be used in vivo to prolong heart allograft survival in mice (36) . Another study has demonstrated that administration of M-CSF before transplantation into mice can expand macrophages and limit donor T cell expansion and GVHD (44). Chen et al. showed an increase in the CD11b + cell Figure 7 . Macrophage depletion results in allograft rejection following IL-34 treatment. On day -30, allograft recipient animals received i.v. 10 12 vg/ rat AAV-IL-34 or noncoding AAV or were untreated, with or without weekly i.p. administration of clodronate liposomes from day -25 to day 3, and were grafted on day 0 in combination with a suboptimal dose of rapamycin (10 days, starting on day 0). Graft survival was evaluated by palpation through the abdominal wall. Log-rank test, **P < 0.01. jci. 
Methods
Animals and cardiac transplantation models. Heart allotransplantation was performed between whole MHC-incompatible male LEW.1W (donors) and LEW.1A (recipients) rats as previously described (18) . Heart survival was evaluated by palpation through the abdominal wall, and heart beat was graded from +++ to -. Healthy volunteer blood collection and PBMC separation. Blood was diluted 2-fold with PBS before PBMCs were isolated by Ficoll-Paque density gradient centrifugation (Eurobio) at 770 g for 20 minutes at room temperature without braking. Collected PBMCs were washed in 50 ml PBS at 620 g for 10 minutes. -T cells. A representative raw CFSE profile is shown. Two-way repeated-measures ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. jci. Figure 2A) . Sera from AAV-IL-34-treated recipients, AAV-GFP-treated recipients, and naive rats were added in coculture to reach final concentrations of 3.12%, 6.25%, and 12.5%. Supernatent of transduced cells was added to CD4 + T cells and pDCs at a final concentration of 20% for the suppressive activity test. Rat IL-34-, CD115-, or M-CSF-blocking Abs were tested for blocking action at 1.25 to 30 μg/ml in the presence or absence of CD8 + CD40Ig Tregs. Human IL-34 Ab was used at 50 μg/ml, and variable numbers of Tregs were added. Isotype control Abs were used at the highest concentration displayed in the respective graphs. M-CSF protein (ab56288; Abcam) was tested from 0.1 to 2 μg/ml. Soluble human IL-34 (eBioscience) was added at a concentration of 1, 2, or 5 μg/ml for the suppressive activity test. qPCR. Total RNA was isolated from cells using TRIzol reagent (Invitrogen) or an RNeasy Mini Kit (QIAGEN). RNA from macrophages was amplified with a MessageAmp II aRNA Amplification Kit according to the manufacturer's instructions (Life Technologies) and reverse transcribed with random primers and M-MLV reverse transcriptase (Life Technologies). qPCR was performed using the Fast SYBR Green technology in a 20-μl final reaction volume containing 10 μl Master Mix 2X (Life Technologies), 0.6 μl primers (10 μM), 1 μl cDNA, and 8.4 μl water. The reaction was performed on the Applied Biosystems StepOne system (Life Technologies). Thermal conditions were as follows: 3 seconds at 95°C, 30 seconds at 60°C, and 15 seconds at -5°C of the melting temperature with a final melting curve stage. The oligonucleotides used in this study are listed in Table 1 . 
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Clodronate liposome in vivo treatment. Clodronate liposomes for macrophage depletion were purchased from Vrije University (Netherlands) (www.clodronateliposomes.org) and prepared as recommended (52) . Briefly, 2.5 ml suspended solution was administered i.p. weekly from day -25 to day 3.
Donor-specific alloantibody quantification. Donor spleens were digested by collagenase D, stopped with 0.01 mM EDTA, and red cells were lysed. Serum from recipients was added to donor splenocytes at a 1:8 dilution and incubated with either anti-rat IgG-FITC (Jackson ImmunoResearch Laboratories); anti-rat IgG1 (MCA 194; Serotec); anti-rat IgG2a (MCA 278; Serotec); or anti-rat IgG2b (STAR114F; Serotec) and anti-Ms Ig-FITC (115-095-164; Jackson ImmunoResearch Laboratories). A FACSCanto (BD Biosciences) was used to measure fluorescence, and data were analyzed using FlowJo software. The geometric mean of fluorescence (mean fluorescence intensity [MFI]) of tested sera was divided by the mean MFI of 5 naive LEW.1A sera as a control.
Anatomopathologic analysis of cardiac grafts. Graft samples were fixed in paraformaldehyde and embedded in paraffin. Five-micrometer coronal sections were stained with H&E-saffron. Tissues were analyzed by a pathologist (K. Renaudin) blinded to the groups, and chronic rejection was evaluated as previously described (53) .
Treg and monocyte differentiation protocol. PBMCs from healthy volunteer (HV) blood were isolated by Ficoll gradient, and monocytes were elutriated according to forward scatter (FSC) and side scatter (SSC) morphologic parameters. CD14 + monocytes were then sorted by FACSAria, washed, and seeded at 1 × 10 6 /ml in medium (RPMI 1640, 2 mM glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 10% FCS supplemented with 50 ng/ml hIL-34 (eBioscience). On day 6, cells were harvested, stimulated with 100 ng/ml LPS for 24 hours for phenotype analysis, or seeded at 4 × 10 5 /ml with 1 to 5 allogeneic PBMCs in Iscove's modified Dulbecco's medium (IMDM) (2 mM glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 5% AB serum). IL-2 (25 U/ml) and IL-15 (10 ng/ml) were freshly added on days 10, 13, and 16. Macrophages were removed by successive transfers of floating cells to a new plate on days 19 
